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Antimicrobial activity of silver nanoparticles supported by
magnetite
Vesna Lazić,[a] Katarina Mihajlovski,[b] Ana Mraković,[a] Erzsébet Illés,[c] Milovan Stoiljković,[a]
S. Phil Ahrenkiel,[d] and Jovan M. Nedeljković*[a]
Antibacterial and antifungal ability of silver nanoparticles (Ag
NPs) supported by functionalized magnetite (Fe3O4) with 5-
aminosalicylic acid (5-ASA) was tested against Gram-negative
bacteria Escherichia coli, Gram-positive bacteria Staphylococcus
aureus and yeast Candida albicans. Characterization of materials
including transmission electron microscopy, X-ray diffraction
analysis, and inductively coupled plasma optic emission
spectroscopy technique followed each step during the course
of nanocomposite preparation. The synthesized powder con-
sists of 30–50 nm in size silver particles surrounded by clusters
of smaller (∼10 nm) Fe3O4 particles. The content of silver in the
nanocomposite powder was found to be slightly above 40 wt.–
%. Concentration-dependent and time-dependent bacterial
reduction measurements in dark indicated that use of Ag NPs
leads to the complete reduction of E. coli and S. aureus even at
the concentration level of silver as low as 40 μg/mL. However,
the negligible antifungal ability of synthesized nanocomposite
was found against yeast C. albicans in the entire investigated
concentration range (0.1-2.0 mg/mL of the nanocomposite, i. e.,
40–800 μg/mL of silver). Complete inactivation of E. coli and S.
aureus was achieved in five repeated cycles indicated that
synthesized nanocomposite can perform under long-run work-
ing conditions. From the technological point of view, magnetic
separation is the additional advantage of synthesized nano-
composite for potential use as an antibacterial agent.
Introduction
Nanocrystalline magnetite nanoparticles (Fe3O4 NPs) have
immense potential for use in various medical applications
(magnetic resonance imaging, drug targeting, labeling, tumor
hyperthermia, etc.), as well as materials applications (magnetic
separation, recoverable catalysts, wastewater treatment, com-
ponent of magnetic responsive hydrogels, etc.) due to their
biocompatibility, biodegradability, facile synthesis and simple
functionalization procedures for specific applications.[1] In
addition, some formulations of Fe3O4-based NPs have already
gained approval for use in humans by the Food and Drug
Administration.[2] However, the performances of functionalized
Fe3O4 NPs for both applications, biomedical and nanomaterial
are strongly dependent on the attachment of sufficient amount
of ligands with proper coordination. Binding of salicylate-type
of ligands (salicylic acid derivatives) has been studied for a
variety of oxide materials, such as TiO2,
[3] alumina,[4]
hydroxyapatite[5] and Mg2TiO4.
[6] Surface complexes (sorption)
between benzene derivatives and different iron oxides @
goethite (α-FeOOH),[7] hematite (Fe2O3),
[8] and magnetite
(Fe3O4)
[4a,9] @ have been primarily studied by infrared spectro-
scopy. Very instructive is the recent study by Blum et al.[9]
concerning the binding of benzoic acid and catechol deriva-
tives to the surface of magnetite. These authors pointed out
that the structure of the resultant ligand@ surface complex is
primarily influenced by the relative position of hydroxyl and
carboxylic groups. Briefly, ligands with adjacent hydroxyl
groups have the potential to bind as a catecholate, while
ligands with adjacent hydroxyl and carboxyl groups bind as a
salicylate.
Surface modification of inorganic supports with 5-amino-
salicylic acid (5-ASA) leads to the formation of inorganic-
organic hybrids with the free amino groups. The reactive amino
group has been used for the preparation of either free-standing
silver nanoparticles (Ag NPs),[10] or immobilized Ag NPs at
inorganic[5b] and organic supports.[11] Historically Ag NPs are
recognized as a powerful biocide, although the mechanism of
their toxic action is not fully understood, and it is a subject of
debate in the literature.[12] However, from the practical point of
view, it is more suitable to use supported than free-standing
Ag NPs. The main advantage of supported Ag NPs lies in the
fact that after usage and complete dissolution of silver further
handling of insoluble support is easy and harmless to the
environment.[13] So far, antimicrobial performance of Ag NPs
incorporated or attached to variety of materials, including
zeolites,[14] porous ceramic filters,[15] hydroxyapatite,[5b,16] steel,[17]
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paper,[18] polymers[19] and textile fibers,[20] have been inves-
tigated. However, there are a few studies concerning the use of
Fe3O4 as support for Ag NPs.
[13,21] The magnetic separation of
the composites with Fe3O4 component is the main advantage
of their use as an antibacterial agent.
In this study, the antimicrobial ability of composite
particles, consisting of metallic silver and functionalized
magnetite NPs by an anti-inflammatory drug 5-ASA, was
investigated. The advantage of the introduction of free amino
groups upon surface-modification of Fe3O4 NPs with 5-ASA was
taken to in situ reduce Ag+ ions to metallic silver. To the best
of our knowledge, this simple synthetic approach has never
been used for the preparation of coordinated Ag NPs to
magnetite support. The morphology and composition of
synthesized metallic silver@magnetite composite particles were
studied in details by transmission electron microscopy (TEM),
XRD analysis, and inductively coupled plasma optic emission
spectroscopy technique. Special attention was paid to the
antibacterial and antifungal performance of silver supported by
functionalized magnetite with 5-ASA. Concentration- and time-
dependent antimicrobial efficiency measurements of the metal-
lic silver@magnetite composite particles were performed in
dark against Gram-negative bacteria E. coli, Gram-positive
bacteria S. aureus and yeast C. albicans. In addition, to estimate
the performance of the composite under long-run working
conditions, the inactivation of bacterial cells was studied in five
successive cycles.
Results and Discussion
Microstructural characterization of Ag NPs supported by
functionalized Fe3O4 with 5-ASA
The TEM characterization of as-prepared colloidal Fe3O4 NPs
indicated the presence of fairly uniform spherically shaped
particles with the average particle size of 10�3 nm (Figure 1a).
A small percentage of nanorods can also be noticed. Analysis
of the selected area electron diffraction (SAED) pattern (Fig-
ure 1b) revealed the presence of the diffraction rings consistent
with the inverse spinel crystalline Fe3O4 structure, including the
(220), (311), (400), (511), (440), (533), and (731) planes. The
analysis of EDX spectrum showed the presence of pronounced
peak corresponding to Fe (Figure 1c). The high-magnification
TEM image of functionalized Fe3O4 nanopowder with 5-ASA is
presented in Figure 1d. Clearly, the presence of organic moiety
on the surface of Fe3O4 did not have an influence on particle
size, although the nanoparticles are mostly in clusters.
Two synthetic steps for the preparation of Fe3O4/5-ASA/Ag
composite can be recognized, the first, functionalization of
Fe3O4 NPs with 5-ASA, and, the second, consequent reduction
Figure 1. Low-magnification TEM image of colloidal Fe3O4 NPs (a) and corresponding SAED pattern (b) as well as EDX spectrum (c). High-magnification TEM
image of surface modified Fe3O4 NPs with 5-ASA (d).
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of Ag+ ions to metallic silver. It is well-established in the
literature that the functionalization of metal-oxide particles
with salicylate-type of ligands (aromatic compounds with
adjacent hydroxyl and carboxyl groups) takes place by the
condensation reaction between surface hydroxyl groups of
metal-oxide and functional groups of neighboring functional
groups of organic molecules.[3–6,9] The reactive amino group
remains free upon surface-modification of Fe3O4 NPs with 5-
ASA. The amino group has the strong reducing ability, and it
has been broadly used for reduction of silver ions to metallic
Ag NPs either free or attached to inorganic or organic
supports.[5b,10–11] The electron transfer from the amino group is
accompanied by its transformation into imino group and
coordination of Ag NPs over the lone electron pair of the N
atom of the imine.[5b,10–11]
The wide-angle XRD pattern of synthesized Fe3O4/5-ASA/Ag
composite is presented in Figure 2a. The diffractogram dis-
played the presence of several distinct peaks at 18.2, 30.2, 35.6,
43.2, 53.7, 57.3, 62.9, 71.3 and 74.5° that belong to (110), (220),
(311), (400), (422), (511), (440), (620) and (533) planes of the
inverse spinel crystalline Fe3O4, respectively (JCPDS Card No.
85177). This result is consistent with the data obtained by SAED
analysis. The additional diffraction peaks at 38.1, 44.3, 64.5 and
77.4° belong to (111), (200), (220) and (311) crystal planes of
face-centered-cubic silver, respectively (JCPDS Card No. 64706).
It should be noted that the presence of impurities was not
detected. The crystallite size of Fe3O4 and Ag, calculated from
the widths of the corresponding XRD peaks by using the
Debye-Scherrer equation, was found to be 10 and 41 nm,
respectively. Of course, the magnetic properties of Fe3O4/5-
ASA/Ag composite are preserved, and as an illustration, the
image of nanopowder, attracted by a magnet, is shown in
Figure 2b.
The TEM data from Fe3O4/5-ASA/Ag nanopowder including
high-magnification TEM image, SAED pattern, EDX spectrum
and EDX map of silver are shown in Figure 3. The results
indicated that Fe3O4 and Ag are randomly mixed together
(Figure 3a and Supporting Information 1). The synthesized
Fe3O4/5-ASA/Ag composite particles are agglomerated, and the
size of the silver component is larger compared to the size of
magnetite (30-50 nm). The SEAD pattern indicated the pres-
ence of the diffraction rings consistent with the inverse spinel
crystalline magnetite. The identified diffraction rings are
labeled (Figure 3b). The EDX spectrum revealed the presence of
pronounced peaks corresponding to Fe and Ag (Figure 3c). The
deeper insight into the morphology of Fe3O4/5-ASA/Ag nano-
powder was obtained by EDX mapping of silver (Figure 3d and
Supporting Information 1). The EDX map indicates the presence
of large Ag cores, i. e., agglomerated Ag NPs in the centers of
Fe3O4 clusters.
The content of components in the Fe3O4/5-ASA/Ag compo-
sites was determined using ICP-OES technique. The data are
tabulated in Supporting Information 2. The weight-percentage
of Fe in Fe3O4 (68 wt.–% of Fe) is close to the stoichiometric/
expected ratio (72.4 wt.–% of Fe). The slight discrepancy
between measured and stoichiometric ratio is probably caused
by partial oxidation of magnetite into maghemite phase. From
the decrease of the weight-percentage of Fe in Fe3O4/5-ASA (65
wt.–% of Fe), the content of Fe3O4 and the organic phase (5-
ASA) are found to be 90 and 5 wt.–%, respectively. Finally, the
content of Fe3O4, 5-ASA, and Ag in Fe3O4/5-ASA/Ag composite
was found to be 51, 3 and 42 wt.–%, respectively. Although
Figure 2. (a) The XRD pattern of Ag NPs supported by functionalized Fe3O4 with 5-ASA. (b) The image of Fe3O4/5-ASA/Ag nanopowder attracted by a magnet.
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ICP-OES technique is not selective toward the chemical state of
silver, taking into consideration thorough cleaning procedure
of synthesized sample (see Supporting Information), we believe
that the measured value corresponds to the content of the
metallic silver in the Fe3O4/5-ASA/Ag composite.
Concentration- and the time-dependent antimicrobial ability
of Ag NPs supported by functionalized Fe3O4 with 5-ASA
Antimicrobial activity of Fe3O4/5-ASA/Ag composite was
studied in dark to avoid photo-generation of charge carriers in
Fe3O4, and consequently, to solely evaluate the antimicrobial
performance of silver. The mechanism of toxic action of Ag NPs
is still subject of debate in the literature. Three different
mechanisms are considered to be responsible for the anti-
bacterial action of silver: first, the release of Ag+ ions,[22] second,
membrane disruption due to the interaction of bacteria with
Ag NPs,[23] and finally, third, the formation of reactive oxygen
species.[24] However, it is difficult to distinguish the contribution
of free Ag+ ions versus the Ag NPs themselves due to their co-
occurrence during the exposure period. In this particular case,
the Ag NPs are agglomerated and strongly bound to function-
alized inorganic support – the dispersion does not consist of
free-standing Ag NPs – and their ability to interact with
microbial species is significantly diminished. Because of that,
we believe that released Ag+ ions are mainly responsible for
the toxic action against tested bacteria and yeast.
In order to determine differences in the biological response
of various microbial species (Gram-negative bacteria E. coli,
Gram-positive bacteria S. aureus and yeast C. albicans) exposed
to Fe3O4/5-ASA/Ag nanocomposite, concentration- and time-
dependent microbial cell reduction measurements were per-
formed. The obtained results concerning antimicrobial activity
of Fe3O4/5-ASA/Ag nanocomposite against bacterial species, E.
coli and S. aureus, are shown in Figure 4, while results against
yeast C. albicans are tabulated and shown in Supporting
Information 3. The concentration of Fe3O4/5-ASA/Ag nano-
composite was varied in the range from 0.1 to 2.0 mg/mL,
while sampling, i. e., the contact time between nanocomposite
and bacterial species was in the time range from 30 min to
24 h. Knowing that the content of Ag in Fe3O4/5-ASA/Ag
nanocomposite is about 40 wt.–%, the actual concentration of
Ag was in the range from 40 μg/mL to 0.8 mg/mL. It should be
noted that control samples (support without silver) did not
display bacterial reduction for examined species.
Based on microbial reduction data, some general features
can be recognized. First, maximum bacterial reduction (99.9%)
of E. coli and S. aureus was achieved when contact time
between bacterial species and Fe3O4/5-ASA/Ag nanocomposite
was sufficiently long (4 h) for entire concentration range of
Figure 3. TEM data from Fe3O4/5-ASA/Ag nanopowder: typical high-magnification TEM image (a), SAED pattern (b), EDX spectrum (c), and EDX map of silver
(d).
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nanocomposite (0.1 to 2.0 mg/mL) with exception for the
lowest concentration of the nanocomposite (0.1 mg/mL) in the
case of S. aureus. However, the complete reduction of viable S.
aureus cells at the low concentration end of the nanocomposite
was achieved for prolonged contact time (24 h). Second, under
identical experimental conditions, the initial reduction rates for
E. coli are significantly higher compared to the initial reduction
rates for S. aureus. In entire concentration range of Fe3O4/5-
ASA/Ag nanocomposite, the percentages of E. coli reductions
were significantly higher (45–65%) compared to the percen-
tages of S. aureus reductions (4–12.5%) when contact time
between bacterial species and nanocomposite was 30 min. At
longer exposure times the reduction rates of investigated
bacteria become comparable. Third, the larger differences in
initial reduction rates between E. coli and S. aureus were
observed for the low concentrations of Fe3O4/5-ASA/Ag nano-
composite. In the presence of 0.1 mg/mL of Fe3O4/5-ASA/Ag
nanocomposite, the percentage of E. coli reduction after 30 min
of contact is over 10 times larger compared to S. aureus (45
and 4%, respectively). On the other hand, when the concen-
tration of Fe3O4/5-ASA/Ag nanocomposite is twenty times
higher (2.0 mg/mL), the percentage of E. coli reduction is about
5 times larger compared to S. aureus (65 and 12.5%,
respectively). It should be emphasized that the performance of
Ag NPs supported by functionalized Fe3O4 with 5-ASA is at the
same level with the antimicrobial performance of Ag NPs
attached to either textile fibers,[20a] or macroporous polymer
support,[11b,c] or inorganic support such as hydroxyapatite.[5b] Of
course, the literature data[12a,b] concerning the antibacterial
performance of bare Ag particles without support with similar
morphology to Ag NPs attached to functionalized Fe3O4 with 5-
ASA have higher toxicity against bacterial species.
The time- and concentration-dependent data concerning
the antifungal activity of Fe3O4/5-ASA/Ag nanocomposite
against yeast C. albicans are presented in Supporting Informa-
tion 3. Antifungal tests indicated that in the entire concen-
tration range of nanocomposite for contact time � 4 h the
percentage of C. albicans reduction is significantly smaller in
comparison to E. coli and S. aureus, and it was found to be less
than 20%. Even at the longest exposure time (24 h), the
complete reduction of C. albicans was not observed. This result
is in agreement with the reported non-toxic behavior of Ag
NPs supported by functionalized hydroxyapatite with 5-ASA
towards C. albicans.[5b] It should be noted that C. albicans, as a
eukaryotic microorganism, has a complex structure similar to
mammalian cells. Also, from the toxicity point of view, the
synthesized Fe3O4/5-ASA/Ag nanocomposite, under identical
experimental conditions, selectively kills bacterial species (E.
coli and S. aureus), and display the significantly lower level of
toxicity towards yeast (C. albicans).
Time-dependent inactivation of E. coli and S. aureus was
studied in five repeated cycles over 1 mg of Fe3O4/5-ASA/Ag
nanocomposite (Figure 5). Long-term running antifungal ex-
periments were not performed due to the low activity of
nanocomposite against C. albicans. Prior to a new cycle, the
separation of the nanocomposite was easily conducted by
magnetic separation. The separation after each cycle prevented
accumulation of released Ag+ ions that can lead to false results
concerning long-term antibacterial activity of Fe3O4/5-ASA/Ag
composite. Time-dependent profiles served to prove complete
inactivation of E. coli and S. aureus prior to the introduction of
new viable bacteria cells. Also, the Fe3O4/5-ASA/Ag nano-
composite did not undergo any treatment during five cycles. In
the first cycle, the reduction rate of E. coli was slightly slower
Figure 4. The percentages of microbial reduction (R, %) against E. coli (a) and S. aureus (b) as a function of Fe3O4/5-ASA/Ag concentration and contact time
between microbial cells and nanopowder.
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compared to the next four successive runs. The fastest
inactivation of E. coli was observed in the second run, although
inactivation profiles are almost the same in the third, fourth
and fifth cycle. The Fe3O4/5-ASA/Ag nanocomposite displayed
similar antibacterial performance in five repeated cycles against
S. aureus (Figure 5B). However, the reduction rates of viable S.
aureus cells were almost the same for all five repeated cycles.
To conclude, these results clearly indicate that the antibacterial
ability of Fe3O4/5-ASA/Ag nanocomposite was preserved under
long-run working conditions, i. e., during the period of five
days.
Conclusions
The metallic silver@magnetite composite particles were pre-
pared in a two-step reaction. In the first step, the amino-
functionalized Fe3O4 NPs were prepared by the condensation
reaction between surface hydroxyl groups from Fe3O4 NPs and
functional groups from 5-ASA (adjacent hydroxyl and carboxyl
group). In the second step, the metallic silver was produced in
the electron-transfer reaction between free amino groups and
silver ions. The presented synthetic procedure provides prepa-
ration of the composite with the high content of silver (∼40
wt.–%).
Biological response of various microbial cells (E. coli, S.
aureus, and C. albicans) exposed in dark to Fe3O4/5-ASA/Ag
nanocomposite was determined as a function of composite
concentration and time. Efficient inactivation of bacterial
species (E. coli and S. aureus) was observed even for the lowest
concentration of silver (40 μg/mL) when contact time was
sufficiently long (24 h). Also, the antibacterial performance of
silver was preserved under long-run working conditions during
five repeated cycles. On the other hand, the toxicity of
nanocomposite towards yeast C. albicans was found to be
negligible. It should be emphasized that the magnetic separa-
tion @ easy handling of Fe3O4/5-ASA/Ag nanocomposite @ is
the main advantage of its use as a disinfection agent.
Supporting Information Summary
Experimental section and some information about Fe3O4/5-
ASA/Ag nanocomposite, including the high-magnification TEM
lattice images of Ag NPs in Fe3O4/5-ASA/Ag clusters, EDX
mapping of Fe3O4/5-ASA/Ag cluster, HAADF STEM images of
Fe3O4/5-ASA/Ag clusters, the composition of Fe3O4, Fe3O4/5-
ASA, and Fe3O4/5-ASA/Ag determined by ICP-OES, the anti-
fungal ability of Fe3O4/5-ASA/Ag nanocomposite against yeast
C. albicans as a function of time and concentration are
provided in the Supporting Information.
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